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TECHNICAL NOTE 5L62 


TENSILE PROPERTIES OF 70T5-T6 AND 202l|-T5 ALIMINUM-ALLOY 
SHEET HEATED AT UNIFORM TEMPERATURE 
RATES UNDER CONSTANT LOAD 
By George J. Helmerl and John E. Inge 


SUMMARY 


Results are presented of tests to determine the effect of heating 
at uniform temperatirre rates from 0.2° F to 100° F per second on the 
tensile properties of 7075-T6 (formerly 75S-T6) and 2024-T3 (formerly 
24S-T5) al-uminum-alloy sheet under constant-load conditions. The tem- 
peratures at which yield and rupture occurred were determined for various 
stress levels. Yield and rupture stresses, obtained under rapid -heating 
and constant-load conditions, are compared with the results of elevated- 
temperatvire tensile stress-strain tests of the same materials for l/2-ho\ir 
exposure. Linear and reciprocal temperature -rate parameters are derived 
from the data. Master yield- and rupture-stress curves, based upon the 
linear temperature parameter, are presented with which yield and rupture 
stresses or temperatures may be predicted for these materials for tem- 
perature rates from 0.2*^ F to 100° F per second. A description of the 
test equipment is included. 


INTRODUCTION 


Aircraft anti missile structural materials may be subjected to rapid 
heating while under load because of aerodynamic heating at supersonic 
speeds. Temperatures and temperature rates of the materials may vary 
widely. 

In order to provide information on the tensile properties of mate- 
rials under rapid-heating conditions, some tests have been made of a 
number of steels, titanium and aluminum alloys, and heat-resistant mate- 
rials which were heated at high temperature rates under constant-load 
conditions (refs. 1 to 6) . The results obtained so far indicate that, 
in general, metals and alloys can withstand substantially higher stresses 
at a given temperature when heated at 100° F to 200° F per second xmder 
constant -load conditions than when loaded after the material has been 
exposed l/2 hour or longer at constant temperature. Increasing the tem- 
perature rate from 200° F to 2,000° F per second or more results in only 
a small additional increase in strength. 
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Although temperature rates below 100° F per second are presently- 
being encountered, Information on the properties of materials when 
heated at these lower rates is lacking. Consequently, an investigation 
was undertaken at the Langley Aeronautical Laboratory to determine the 
tensile properties of some aircraft structiaral materials when heated at 
temperat-ure rates up to 100° F per second. The res-ults of tests of 
7075-T6 and 202A-T5 aluminum-alloy sheet, heated at rates from 0.2° F 
to 100° F per second vinder constant-tenslle-load conditions, are presented 
herein. In these tests the load is applied first, and then the specimen 
is heated electrically at a predetermined constant temperatiare rate mtil 
failure occiars. Strain-temperature histories are obtained which provide 
the basis for the determination of yield and ruptxare temperatures. The 
results of the rapid-heating tests are compared with conventional elevated- 
temperature tensile stress-strain data obtained for the same materials 
after l/2-hour exposure. Parameters are derived which teike into acco-unt 
the effects of temperattire rate on the stress and temperature at which 
yield and rupture occiar. 


TEST PROCEDURE 
Specimens 


Stress-strain and rapid-heating tensile test specimens were cut 
from 0.125-lnch 7075-T6 and 2024-T5 aluminum-alloy sheet with the longi- 
tudinal axis of the specimen parallel to the rolling direction. The 
specimens for each material were taken from a single sheet. 

The dimensions of the stress-strain and rapid-heating specimens are 
sho-wn in figure 1. The relatively long reduced section of the rapid- 
heating specimen was arrived at after considerable experimentation with 
shorter specimens with which excessive temperature gradients were obtained 
over the 1-inch gaige length of the reduced section. Attempts to improve 
the gradient condition for the short specimens by the use of avtxlliary 
end-heater systems were not generally successfxil. Although the shape 
shown for the rapid-heating specimen was fairly satisfactory for use with 
the extensometer system employed and the aluminum-alloy materials, later 
experience indicated that the long, parallel reduced section may not be 
the best design for other materials having appreciably different thermal 
properties. In such instances it was found necessary to reduce the tem- 
peratures outside the center region by means of cooling plates clamped to 
the faces of the specimen in order that fracture would occur in or near 
the gage-length region. 
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Methods of Testing 

Short-time stress-strain tests .- Conventional short-time elevated- 
temperature tensile stress-strain tests were made for the 7075-T6 and 
202A-T5 aluminum-alloy-sheet materials. The specimens were exposed 
1/2 hour to the test temperatirre before the load was applied at a strain 
rate of approximately 0.002 per minute. The equipment used for these 
tests is shown and described in reference 7* 

Rapid-heating tests . - In the rapid-heating tests, the specimens were 
loaded and then heated by passing a low-voltage high-amperage alternating 
current directly through the specimen. The specimen strain was measured 
over a 1-lnch gage length by an extensometer system. The loading, heating, 
and strain-measuring equipment is described in the appendix and illustrated 
in figiores 2 to 5* Information on the specimen temperatvire gradient is 
also given in the appendix and shown in figure 6. 

Specimens were first loaded to selected stress levels and then heated 
at nominal constant temperatijre rates of l/4°, 2°, 15°^ 6o°, and 100° F 
per second until failure occurred. Temperatiire-time records were obtained 
to failure, and strain-time records to failure were obtained except where 
the limits of the recorder chart were exceeded. Strains were recorded on 
initial loading and provided a check on the accuracy and reliability of 
the measurement, inasmuch as these strains could be calculated beforehand. 
The sensitivity for the strain measurement (either 0.002 or O.OO5 per inch 
of chart) was selected to provide the most desirable slope on the strain- 
time record which could be obtained for the particular combination of 
stress level, temperature rate, and chart speed used for the test. The 
extensometer error was found to be within less than +2 percent. 

The desired temperature rate was laid out on a recorder chart prior 
to making the test. This straight line was then followed as closely as 
possible by manual adjustment of the voltage regulator. (See the 
appendix.) The approximate setting required for a particular temperature 
rate was determined by a few trial runs at low temperatures prior to the 
test. Manual control of the regxolator was required for rates up to 6o° F 
per second because of the tendency for the rate to drop off as the tem- 
perature increased for a constant regulator setting. At higher rates, 
no adjustments were needed once the proper initial setting had been 
determined. 

In order to illvistrate the nature of the test results and how they 
are processed, strain- and temperature-time curves are shown in figiire 7 
for two tests of 7075-T6 alijminvim alloy at i)-0 ksi for temperature rates 
of 0.23° F and F per second. The heating rate is determined from 
the slope of the temperature-time curve. For cases in which the rate 
vas not quite linear, an average rate was used, which approximated the 
temperature -time curve about up to the temperature at which plastic flow 
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began. Strain-temperatiire ciirves were constructed from the strain- and 
temperatxn’e-time records by determining simultaneous values of strain 
and temperature at appropriate time intervals throughout the test. Strain- 
temperature curves for the tests in figure J are given in figure 8. The 
strain-temperature cvirves coincide up to about 250 ° F, and the initial 
strains obtained upon loading before heating agree with the calc-ulated 
values. In some cases the strain-temperature curves, although parallel, 
did not coincide exactly and some vaniation was obtained in the initial 
strains for the same stress level. In such cases, the strains were 
adjusted by adding or subtracting a small constant amount in order to 
eliminate the initial scatter. The adjustment in strain was at the most 
only +0.0002. 

The method of determining the yield temperature is also shown in 
figure 8. The initial strain-temperature histories are identical up to 
about 250 ° F for both of the temperature rates and follow the ciorve for 
thermal expansion and change in elastic mod\ilus for the material. Diver- 
gence upward from this curve indicates the plastic flow which occurs at 
the higher temperatures. Yield temperatures are determined by the inter- 
section of a 0.2-percent-offset line with the test curves, which is drawn 
parallel to and 0.2 percent above the curve for thermal expansion and 
change in elastic modulus. The latter curve was calculated and found to 
be in close agreement with the test results at temperatures below those 
at which plastic flow began. The curve for thermal expansion and change 
in modulus can also be extrapolated from the test resiilts at the lower 
temperatures by \ising the similar curve at the next lower stress level 
as a guide inasmuch as these curves are nearly parallel when the stress 
differences are small. The latter method was used above about 600 F 
because of the uncertainty as to modiili values at high temperatures and 
the fact that different thermal-expansion curves were obtained for the 
different temperatvire rates at the higher temperatures. 

The rupture temperature was taken as the maximum temperature obtained 
at the midposition at the Instant of. rupture. When rupture occurred, the 
circuit was broken so that heating stopped immediately. (See fig. TO 
Because the temperatiire just outside the gage length was somewhat higher 
than that inside the region (see the appendix), failure usually occurred 
outside the gage length. Rupture temperatures, measured at the midposi- 
tion, are therefore somewhat conservative. 

TEST RESULTS AND DISCUSSION 


The results of the elevated-temperature tensile stress -strain tests 
of TO 75 -T 6 and 2024- T5 aluminum-alloy sheet are given in table 1. Tensile 
stress-strain curves for these materials are shown in figure 9 for ‘tem- 
peratures up to 685 ° F. (The 0.2-percent-offset yield stresses are indi- 
cated by the tick marks.) These data are for 1/2-hour exposure at con- 
stant temperature and were obtained at a constant strain rate of 0.002 per 

minute . 
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The results of the rapid-heating tests are given in tables 2 and 5 
and figures 10 to 19- Table 2 and figures 10, 12, lA, 16, and 18 apply 
to 7075-T6 aluminum ailloy, and table 5 and figures 11, 13, 15^ 17^ and 19 
apply to 2024-T3 aluminum alloy. Average values of the thermal coef- 
ficient of expansion for these materials obtained under rapid-heating 
conditions are given in table 4. 


Strain-Temperatijre Histories 

Strain-temperature histories for 7075~T6 and 2024-T5 aluminum alloy 
are shown in figures 10 and 11, respectively, for nominal temperat\are rates 
of 1/4°, 2°, 15°, 6o*^, and 100*^ P per second at various stress levels. 

Yield temperatures ( 0.2-percent offset) are indicated by the tick marks, 
and actual temperature rates are given for each test. At each stress level, 
families of curves are obtained in which the yield temperatures generally 
increase with increases in temperature rate, and all the test curves merge 
into a single curve at the lower temperatures regardless of the tempera- 
ture rate. The single curves coincide at each stress level at the lower 
temperatures with the calculated curves for thermal expansion and change 
in modulus, which are shown by the light curves extending to the right 
in each case. The upward deviation of the test curves from the curve 
for thermal expansion and change in modulus is a measure of the plastic 
flow. The strains are the total strains which include the initial elastic 
and plastic strains, the thermal strains, the elastic strains resiilting 
from a decrease in modxilus with temperature, end the plastic strains that 
occur as the temperature Increases. 

The results for 7075-T6 (fig. 10) are very uniform and regular in 
pattern. Yield temperatures increase with increases in the temperature 
rate at each stress level. The results for 2024-T3 (fig* H) are not 
so regular or consistent as those for 7075 ~t 6 at the different stress 
levels. At 50 ksi, for exainple, the test results for 2024-T3 follow 
approximately a single curve all the way up to about the yield tempera- 
ture, after which they fall into a more or less normal or typical pattern 
in which the temperatures for a given strain Increase with Increasing 
temperatvire rate. Other irregularities are also apparent in the test 
results for 2024-T5. For example, at 40 ksi and a temperature rate of 
0.25° F per second, the strain-temperature curve deviates irregularly to 
the right crosses the other curves at strains above about 2 percent. 

At 16.5 ksi, the curves for temperature rates of 15° F and 55° F per sec- 
ond also cross each other in an irregular manner. Additional tests were 
marip to check these peculiarities but these gave essentially the same 
results. This behavior of 2024-T5 is presumably due to its age-hardening 
characteristics which, under these variable temperature conditions, can 
be expected to increase or alter the strength of the material. 

The tests at 0.4 ksi are essentially thermal-expansion tests (figs. 10 
6ind 11) . At temperatures above about 400° F for 7075-T6 and 300° F for 
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2021+-T3, the thermal -expansion curves obtained at 58 ° F to 6o° F per 
second are appreciably above those obtained at 0 » 25 ^ F per second for both 
materials. Such differences in thermal-expansion curves at different 
temperature rates could possibly occur becaxose the materials are unstable 
or because of inaccuracies of testing. In order to eliminate the latter 
possibility, additional thermal-expansion tests were made on a stabilized 
specimen of 7075 -T 6 . This specimen was repeatedly heated slowly to 750° F 
and cooled vintil the same thermal-expansion cxarve was obtained at a tem- 
perature rate of 2° F per second both on heating and cooling. The tem- 
perature rate was then increased to 6o° F per second, and the same 
thermal-expansion curve was obtained (fig. 10). The possibility of vari- 
ations due to test inaccviracies at different temperat\ire rates was there- 
fore eliminated. The thermal-expansion curve for the stabilized materials 
falls between the results for the two temperature rates for the \mstable 
material. Valiies of the average coefficient of expansion for 7075 -T 6 
and 2024- T5, calculated from the results for 0.4 ksi (figs. ID and 11), 
are given in table 4. 


Yield Temperatures and Stresses 

The variation of yield temperature with the temperature rate, plotted 
on a logarithmic scale, is shown in figures 12 and 13 for 7075 -T 6 
and 2024-T3, respectively, for the different stress levels. For 7075 -T 6 
(fig. 12 ), very little scatter is evident and the curves are nearly linear. 
Yield temperatiores for a given stress level are therefore proportional 
to the logarithm of the temperature rate. For 2024-T3 (fiS* 15), con- 
siderably more scatter is fo\md and the curves are not so linear. Yield 
temperatijres are only approximately proportional to the logarithm of the 
temperature rate in this case. 

Yield stresses, defined as those stresses at which yield temperatures 
occur under rapid-heating conditions, are shown in figure l4 for 7075-T° 
for temperature rates of 0.2®, 2®, 20®, 60 ®, and 100® F per second. This 
figure was constructed for these arbitrary rates by determining the yield 
temperatures from the experimental curves of figure 12 for the different 
stress levels. The variation of the yield stress (O. 2-percent offset) 
with temperature for the tensile stress-strain tests at constant tempera- 
t\ire is also shown in figure l4 by the test points and dashed curve. This 
curve is a fair approximation of the results obtained for a temperature 
rate of 0.2® F per second. At higher rates, however, the yield stress 
for the rapid-heating test is substantially higher than the yield stress 
obtained in the stress-strain test under constant-temperature conditions. 
For a rate of 100® F per second, for example, the former is over 30 per- 
cent greater than the latter at 400® F. The increase in yield stress 
with temperature rates for a given temperature becomes fairly small at 
rates above 60 ® F per second. 
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Yield stresses for 2024-T5 are shown in figure I5 for temperature 
rates from 0.2° F to 100° F per second. The curves of figure I5 were 
prepared with the aid of the experimental curves of figure 13 . The 
variation of the yield stress (O. 2-percent offset) with temperature for 
the stress-strain tests at constant temperature is also shown for com- 
parative purposes in figure I5 hy the test points and dashed ciirve. In 
general, the yield stress under rapid-heating conditions increases with 
an increase in temperatvure rates except at 50 ksi and 300° F where it 
is more or less independent of rate. The increase in yield stress due 
to a rate of 100° F per second over the yield stress obtained in the 
stress-strain test at 600° F is about 60 percent; the corresponding 
increase at 400° F, however, is only about 5 percent. The yield stress 
for a temperature rate of 0.2° F per second falls somewhat below the yield 
stress for the stress-strain test over most of the range. As in the case 
of 7075“T6, the increase in yield stress with an increase in the tempera- 
ture rate for a given temperature becomes fairly small at rates above 
60° F per second. The correspondence between the yield stresses \mder 
rapid-heating conditions and those obtained in the stress-strain tests 
are markedly affected by the aging characteristics of this material., 
which affect both the rapid-heating and stress-strain results from about 
250° F to 430° F. 


Ruptirre Temperatures aind Stresses 

The variation of rupture temperature with temperatiare rate, plotted 
on a logarithmic scale, is shown in figures 16 and I7 for 7075-T6 and 
2024-T3^ respectively, for the various stress levels. Rupture tempera- 
tures, like yield temperatures, increase with increases in temperature 
rate. Considerably more scatter is evident, however, in the results for 
rupture temperatures than in the results for yield temperatures. (Com- 
pare figs. 16 and 12 for 7075“T6 and figs. 17 and I3 for 2024-T3.) More 
scatter can be expected for napture temperatures becaiase of the inherent 
variations in specimen and temperature conditions at ruptirre or fractiore. 
The experimental curves for 7075-T6 (fig. 16) are fairly linear so that 
rupture temperat\n7es are also approximately proportional to the logarithm 
of the temperature rate. The experimental curves for 2024-T3 (fig* 17) 
are only roiaghly linear and start to level off at 40 ksi. Rupture tem- 
peratures are therefore only roughly proportional to the logarithm of 
the temperature rate for this material. 

Rupture stresses, defined as those stresses at which rupture tem- 
peratures occinr under rapid-heating conditions, are shown in figure I8 
for 7075 ~t 6 for temperature rates of 0.2°, 2°, 20°, 60°, and 100° F per 
second. Rupture temperatures for these heating rates were determined 
from the experimental curves in figure 16. The variation of the ultimate 
stress obtained from the stress-strain tests at constant temperature and 
1/2-hour exposure is also shown in figure I8 by the test points and dashed 
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curve. Rupture stresses at temperatiire rates of 100° F per second are sub- 
stantially greater at a given temperature than ultimate stresses obtained 
from stress-strain tests under constant-teniperat\ire conditions. Even at 
a temperature rate of 0.2° F per second, the rupture stresses are somewhat 
greater over the entire temperatvire range than ultimate stresses obtained 
from stress-strain tests. Rupture temperatures are only on the order 
of 20° F to 50° F higher than yield temperatures for TO75-T6 for corre- 
sponding stress levels and temperature rates. ( Compare figs. 18 and 1^.) 

Rupture stresses for 202A-T5 shown in figure 19 for temperature 
rates from 0.2° F to 100° F per second. Ruptiire temperatures for this 
figure were determined from the experimental curves of figure 17* The 
variation of the ultimate stress obtained from the stress-strain tests 
under const ant -temperature conditions is also shown in figure 19 . At 
100° F per second, rupture stresses are substantially higher at a given 
temperat\ire above 500° F than latimate stresses obtained from stress- 
strain tests. The increase in rupture stress with temperature rates 
for a given temperature becomes fairly small at rates above 60° F per 
second. Rupture temperatures for 202A-T3 are about 50*^ F to 60 F higher 
at the same stress level and temperature rate than corresponding yield 
temperatures (fig. 15), about twice as great a difference as found for 
7075-T6. 


Fracture 

Typical fractures are shown in figure 20 for specimens of 202A-T3 
and 7075-T6. The specimens in each group are arranged in the order of 
increasing stress from top to bottom. Elongations and types of fracture 
are given in tables 2 and 5 for 7075-T6 and 2024-T3, respectively. 

The type of fracture varies with the stress level and temperature. 
For very low stresses at which high temperatures are reached, the frac- 
ture is a brittle, ragged, right-angle type of break (top specimens of 
each group, fig. 20). At Intermediate stresses and temperatures, con- 
siderable necking is apparent (intermediate specimens of each group), 
and the fractvire is more or less normal to the surface with some indi- 
cations of shearing. At high stresses and correspondingly low tempera- 
tures, shear -type failures occur at an angle of approximately A50 to the 
surface (last specimens of each group). 


TiMPERATURE-RATE PARAMETERS AND APPLICATION 
Linear Temperat\ire Parameter 


Examination of the yield- and rupture-temperature results for 70T5"T6 
(figs. 12 and 16) indicates that approximately linear experimental relations 


NACA TN 5^62 


9 


may be obtained between these temperatures and the logarithm of the tem- 
perature rate for the varlo\is stress levels. Further examination of the 
yield-temperature results on an enlarged scale shows that each stress 
level can be closely approximated by straight lines which intersect at 
a single point (fig. 21). If this point is denoted by the temperature 
and temperature-rate constants Ta aJid h^, respectively, the slopes m 
of the curves can be given as 


T - Ta 

m 

log h - log ha 


( 1 ) 


where T and Ta temperatures in and h and ha are tempera- 

ture rates in ^F per second. 

T — T 

In equation ( 1) , is a parameter which is a function 

log h - log ha 

of stress. Consequently, plots of stress against this parameter should 
yield a single curve. The parameter therefore takes into acco\ont the 
effect of both temperature and temperature rate at different stress 
levels. Inasmuch as Ta = -200° F and log ha = -17 (TiS* 21) , the 
yield parameter for 7075 -T 6 becomes 


T + 200 ^2) 

log h + 17 

Parameter (2) is found to hold for rupture as well as for yield tempera- 
ture for this material, so that T applies either to yield or rupt\jre 
temperatiire . This parameter is of the same form as the linear time- 
temperatxare parameter of Manson and Haferd (ref. 8), which has been 
applied to creep tests, the difference being the substitution of the 
temperat\ire rate for the minimum creep rate in this parameter. 

Even though the assumption of linearity of yield and rupture tem- 
peratures with the logarithm of the temperature rate is questionable at 
some stress levels for 2024-T3 (figs. 15 and. I 7 ), an attempt was made 
to see whether a rate parameter could be derived for this material which 
might prove useful in estimating or predicting the effects of different 
temperature rates. Only a rough approximation of the yield temperatxires 
by straight lines Intersecting at a point was found to be possible for 
this material (fig. 22). On the basis of the assumed straight lines, 
the pgirameter for yield temperatures for 2024-T5 is 

T + 200 


log h + 19 


( 3 ) 
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Parameter (5) is fovtnd to be valid for ruptiire as well as for yield tem- 
peratures for 2024-T5; T applies to both yield and rupture temperatures. 


Reciprocal Temperature Parameter 

A reciprocal temperature parameter was also derived for 7075-^6 
and 2024-T5> This parameter was based upon an observed linearity of 
plots of the reciprocal yield tempei-ature against the logarithm of the 
temperature rate at constant stress and the tendency for such lines to 
converge to a single point at zero reciprocal temperature. This para- 
meter is 


T(24 - log h) (4) 


where T is the absolute temperature in °R and h is the temperature 
rate in °F per second. Parameter (4) gives equivalent combinations of 
temperature and temperatixre rate for given stress levels and can be iised 
to construct master curves of stress against the parameter for yield 
and rupture temperatures of both T075-T6 and 2024-T5. This parameter is 
of the same form as the Larson and Miller parameter (ref. 9) • 


Master Yield and Rupture Curves 

Master curves for 7075-T6.- Master yield and rupture c\n*ves for 
7075-T6 employing the line^ temperatin-e parameter (2) are shown in fig- 
ure 25. Good correlation was found particularly for yield temperatures 
at 40 ksi and 60 ksi where the test points are closely superimposed. The 
correlation for rupture temperatures is fairly good except at 40 ksi where 
the scatter of the data is considerable. 

The master curves for yield and rupture are linear from about I7 ksi 
to 65 ksi. The yield stress dy, which corresponds to the yield tempera- 
ture Ty, may be expressed as 


dv = 133.5 ' 2.55 


Ty + 200 

(log h + 17/ 


(5) 


The ruptiire stress d^ at which the rupture temperature Tj. occurs may 
be given as 


dr = 143.5 - 2.69 


Tr + 200 

log h + 17/ 


( 6 ) 
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In equations (5) aud (6), the stresses Oy and err are in ksi, the 
temperatures Ty and Tr are in and the temperatiare rate h is in 
°F per second. These formulas are limited to stresses from I7 ksi to 

65 ksi. 

The correlation of the data for yield and rupture temperatures 
employing the reciprocal temperature parameter (4) was almost identical 
with that obtained with the linear parameter (2). Consequently, the 
master curves based on the reciprocal parameter are not included. 

The validity of the linear parameter is shown by the correlation of 
the data with the master cvirves (fig. 25). A more critical evaluation 
of the accuracy obtainable by the use of the master curve and the param- 
eter may be had by making a comparison of predicted or calcvilated yield 
and ruptiare temperatures with the test results at different stress levels. 
Calculated yield temperatures (fig. 12) agree within IQO F with the test 
results. Calculated rupture temperatures (fig. 16) are also in close 
agreement with the test resvilts except at 40 ksi where there is a maximm 
difference of about 20° F. Similar calculations, based upon the master 
curves, using the reciprocal temperature parameter (4) were in very close 
agreement with those shown in figures 12 and 16. 

Master curves for 2024-T5 .- Master yield and ruptiire curves for 
2024-T3 using the linear temperature parameter (5) are shown in flgiire 24. 
The correlation of the data is not so good for this material as that 
obtained for 7075-T6 (fig. 23). The correlation is very poor at 50 ksi 
for yield temperatiares and only fair at 40 ksi for rupture temperatures. 

The master eweves for yield and rupt\ire can be assumed to be linear 
over part of the range. The yield stress oy under rapid-heating con- 
ditions can be given as 



(7) 


The rupture stress Or can be expressed as 



(8) 


In equations (7) and (8), the stresses by and br are in ksi, the 
temperatures Ty and T^. are in °F, and the temperature rate h is 
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in °F per second. Equations ( 7 ) and ( 8 ) are limited, respectively, to 
the 16 -ksi to 40-ksi and l 6 -ksi to 50 -ksi ranges. 

As in the case of 7075 -T 6 , the correlation of the data for yield 
and rupture employing the reciprocal temperature parameter (4) was 
practically the same as that obtained with the linear temperat\ire 
parameter (2). Master curves based on the former are therefore not 
included. 

Calculated yield and rupture temperat\ires based upon the use of 
the linear temperature parameter are compared with the test results in 
figvires 13 and I 7 . Fair agreement is obtained except at 50 ksi for yield 
temperatures and at 40 ksi for rupture temperatiires . The agreement 
between calculated and experimental resiats, however, is not so good for 
this material as that for 7075-T6 (figs. 12 and I 6 ) . It is not surprising 
that the same parameters do not work so well for 2024-T3 s-s for 'JO'J^-'Io 
because aging of the former markedly alters the general pattern of the 
results. Calculated yield and rupture temperatures, obtained by means 
of the reciprocal temperature parameter (4) , were in close agreement 
with those shown for the linear temperatxjre parameter ( 5 ). 


CONCLUDING REMARKS 


In the rapid-heating tensile tests of 7075 -T 6 and 2024-T3 aluminum- 
alloy sheet \mder constant load and temperature rates from 0.2° F to 
100° F per second, yield and rupture temperat\ares were found to increase 
approximately in proportion to the logarithm of the temperatiire rate 
except in certain regions for 2024-T3 aluminum alloy where aging affected 
the results. 

Under rapid-heating conditions, yield and rupture stresses may be 
substantially greater or about the same for a given temperature as corre- 
pondlng stresses obtained from elevated-temperature tensile stress-strain 
tests for 1 / 2 -hour exposure, depending upon the temperature rate and 
material. The increase in yield and ruptvire stresses with temperatirre 
rates for a given temperature becomes fairly small at rates above 
60 ^ F per second. 

Linear and reciprocal temperature -rate parameters made it possible 
to take into account the effect of the temperature rate and to construct 
single or master curves of stress against the parameter. These curves 
provide a convenient method of obtaining yield and rupture stresses and 
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temperatures for a given temperatvire rate. Good correlation of the data 
with the master curves was obtained except where aging altered the 
results. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , March 25, 1955* 
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DESCRIPTION OF TEST EQUIPMENT FOR RAPID -HEATING TESTS 

Loading Eq.uipment 


The general arrangement of the loading equipment is shown in fig- 
\ire 2. The load was applied to the specimen throijgh a 55 1 team or lever 
system by means of weights. The fulcrum of the beam was supported on a 
plate moijnted near the top of the three columns of a 120 , 000 -pound- 
capacity two-way hydraulic jack. The weight -loading system had a maxi- 
mvim capacity of 10,000 pounds on the specimen. Knife edges were en 5 )loyed 
at the fulcrum and other loading points of the beam. With this system, 
the beam could be positioned and the weight cage coxild be lifted from 
the floor by lowering the ram of the two-way Jack. 

The method of connecting the specimen to the loading system is shown 
in more detail in figure 5 . The load was applied to the specimen by means 
of yoke -and -pin connections. In order to prevent grounding at the top and 
bottom of the specimen, which was part of the electrical circuit, the 
loading bars were electrically insulated from the rest of the system. 

This insulation was provided by the two-piece rectangular load insvilators 
shown above the top column plate and above the ram. 

Because a discontinuity of slope was obtained in the time-temperat-ure 
records at the beginning of heating, the possibility of inertia effects 
in the load system was investigated. Load veurlations were measvired by 
means of a calibration bar in series with the specimen. The variation 
in output of two wire strain gages mounted on the bar was measured with 
a pen-type recorder with a 100 -cycle -per -second response. No detectable 
variations in load occurred within the range of teii 5 )erature rate covered 
by the tests. Small load oscillations were obtained, however, at rates 
above 150° F per second. 


Strain-Measviring Equipment 

The extensometer system consisted of two pairs of extensometer 
frames movinted opposite each other and 1 inch apeirt, and two strain- 
transfer units, each of which actmted a vaxlable lineax differential 
transformer -type gage. Details of the extensometer frames and contact 
ends of the strain -transfer units are shown in figure 14-. 

Eaqh extensometer frame was made with a double -edge knife edge and 
a wire arm serving as a stabilizer for the knife edge and keeping it 
normal to the specimen s\irface. Spring clips were used to hold the knife 
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edges in firm contact with the specimen surface and were mounted in such 
a manner as to keep the frictional forces at the ends of the arms at a 
minimum in order to avoid knife-edge slippage. Commercial lava blocks 
were mounted at the ends of the arras so as to insulate the arms from 
the specimen and prevent possible burning of the knife edges during 
heating and at r-L^jture. The globular material visible at the ends of 
the frames (fig. 4) consisted of a ceramic cement which held the lava 
blocks securely to the wire arms. The frames were mounted and spaced 
1 inch apart on the specimen by means of a gage block. 

The strain-transfer units were mounted independently of and at 
right angles to the specimen so as to keep the effect of temperature on 
the strain-transfer unit and the differential transformer at a minimum 
(figs. 3 aJ^d 4). The tubular arms of the strain -transfer units were 
mounted on flexure plates about at their midposition. A vertical dis- 
placement of the specimen with respect to the strain-transfer units did 
not result in an indicated strain except for slight variations due to 
extensome ter -contact irregularities and small angularity effects. The 
output of the two gages was added so that an average value of strain 
was obtained. Each end of each strain-transfer arm was in point contact 
with the flat horizontal surface of one of the knife-edge units (fig. U) . 
The arms were weighted in such a manner that positive contact was main- 
tained throughout the test. In order to avoid damage to the knife edges 
and strain-transfer units under ri 5 )ture conditions^ end pieces si^porting 
the contact points were attached magnetically to the ends of the tubular 
arms of the strain -transfer units. Release of the joint occvirred only 
if more than the normal contact pressure was exerted. The contact points 
were insulated electrically from the end pieces. 


Heating Equipment 

Heating was accomplished by passing a hlgh-an 5 )erage low-voltage 
alternating current directly through the specimen. Continuoias voltage 
control was achieved by means of a 400-volt induction voltage regulator 
which was ixsed to regulate manixally the primary voltage of a 75 -kilovolt- 
ampere transformer having an output of 3.8 to 20 volts. The transformer 
and regulator can be seen mounted on the wooden stand in figure 2 . 

Two connections , one on each side of the specimen, were used between 
each end of the specimen and the bus bars from the transformer. Each 
connection consisted of five thin, flexible braided copper leads silver- 
soldered together to form a flat terminal which provided a good electrical 
contact with the specimen surfaces. These flexible leads were clamped to 
the specimen with small clamps at one end, and each lead was bolted to 
the biis bars at the other end. 
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Temperature -Measiiring Equipment 

Temperatures were measured with No. 28 gage chromel-alumel thermo- 
couples which were flattened and held in firm contact with the specimen 
surface hy means of special mottntings and clamps. The thermocouple 
junction was fused hy means of a mercury arc. Two thermocoi^jles were 
located at the midposition directly opposite each other on the faces of 
the specimen so as to provide a check on the temperatiare measurements 
in the region in which the strains were measured. Single thermoco\;q)les 
were also clamped at points 5 inches above and below the midposition 
to provide information on the temperature gradient. Two recording 
potentiometers, each having two channels, were used and had response 
rates of full-scale travel in 1 second. Inasmuch as one channel was 
required for strain measurements, three of the four available channels 
were used for tenperatiure measurements. Four temperatures were recorded 
on three channels by alternately switching manually the output of the 
upper and lower thermocouples to the input of a single channel diaring 
the test. 

The method of clanping the two thermocouples at the midposition is 
illustrated in figure 5 . Each thermocouple was held in positive contact 
with the specimen surface by an asbestos pad cemented to a thin backing 
plate, an extension of which held the thermocouple in a fixed position 
on the asbestos pad. The backing plate consisted of a flattened portion 
of thin Inconel tubing. The pad insulated the thermocoiple from the air 
and the backing plate. An adjustable clamp provided the pressure neces- 
sary to insiure reliable temperature indications. This method of clamping 
thermocoiples has proved to be qiiick and convenient. Consistent results 
are possible for the aluminum-alloy specimens with this arrangement if 
intimate contact of the flattened thermocouple and specimen surface is 
obtained, the asbestos pad is in good condition, and adequate press\jre 
is applied. Thermocouples mounted in this manner can be used repeatedly. 

In order to determine whether the results obtained with clamped 
thermocouples were consistent with those obtained from thermocouples 
peened into small holes in the svirface, comparisons were made between 
two clamped and one peened thermocouple located at the same height on 
the specimen for a tenperature rate of 100° F per second. The conpari- 
sons showed that the maximum variation in response rate between the two 
types of thermocouples was about 5 A pe^’cent. The scatter at 800° F at 
the same instant was about 5 ° F for the two clamped thermocouples. Tem- 
peratinres measured by the peened thermocouple fell between those obtained 
for the clamped thermocouples. Indicated temperatures obtained with the 
two clamped thermocoxples generally agreed within a few degrees. If the 
Installation was imperfect, however, low or inconsistent temperatures 
were obtained from either peened or clamped thermocouples. 
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Specimen Temperature Gradients 

Typical temperature gradients obtained along the length of the 
reduced section of the rapid-heating specimen for ten^jerature rates of 
2 P F and 110° F per second are shown in figure 6 for center temperatures 
of 400° F to 500° F. Temperatures were measured at the positions shown 
by means of peened thermocoi^les and an oscillograph recorder having 
18 channels. In order to duplicate test conditions, the measurements 
were taten with the specimen mounted in position for testing and with 
the extensometer frames and clamped thermocov5)les in place. The results 
show the marked effect of the extensometer frames and clamped thermo- 
couples on the local temperature distribution. The normal gradient with- 
out equipment moimted on the specimen is a smooth ciorve which is concave 
toward the specimen. The addition of the extensometer and clamped ther- 
mocouples depresses the normal curve as the resxiLt shows. The tempera- 
ture variation within the 1-inch gage length is fairly uniform for 2° F 
per second but varies about 10° F for the 110° F rate at a temperature 
of 400° F to 500° At higher temperatures, this variation would be 
somewhat greater and at lower tenperatures , somewhat less. The effect 
of the clanped thermocouple 3 Inches from the center line in reducing 
temperatures shows up clearly at 110° F per second. Because of the 
cooling effect of the extensometer, tenperatures Jiist outside the gage 
length were 20° F to 50° F higher than those inside the 1-inch-gage - 
length region at this tenperature. Rupt\ire of the specimens therefore 
usual l y occurred just outside the gage length. Because tenperatures 
at rupture were measured by thermocoi5>les at the center line of the 
specimen, rupt-ure tenperatures are somewhat conservative. 

The adverse effects of mounting thermocoiples smd extensometer 
frames in this manner are considerably alleviated by the use of com- 
paratively thick specimens of good conductor materials such as aluminum. 
In prel iminar y tests of thin titanium -alloy sheet, however, tenperature 
variations in the gage length were much more pronounced because of the 
relatively poor conductivity of the specimens. Consequently, the exten- 
someter frames were redesigned to provide less point-contact area, and 
very smaJ.1 peened thermocouples were employed. 
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TABLE 1 

TENSILE STRESS-STRAIN PROPERTIES OF 0.125 -INCH-THICK 7075-T6 
AND 202l<-T5 ALUMINDM-ALLOY SHEET FOR l/2-HOUR EXPOSURE 
AND STRAIN RATE OF 0.002 PER MINUTE 


Temperatvire, 

°F 

Yield 

stress, 

ksi 

Ultimate 

stress, 

ksi 

Yovmg' s 
modiolus, 
psi 

Elongation in 
2 inches, 
percent 

7075 -T6 aluminijm-alloy sheet 

80 

72.8 

79.8 

10.2 X 10^ 

10 


74.8 

80.0 

10.4 

12 

200 

67.6 

71.2 

9.9 

16 


66.0 

70.2 

10.0 

14 

4oo 

59.3 

40.8 

8.9 

12 


40.4 

41.8 

8.9 

13 

600 

8.6 

9.0 

6.0 

31+ 


8.8 

9.1 

5.8 

33 

2024 -T5 aliminm-alloy sheet 

80 

51.4 

70.2 

10.2 

22 


53.4 

72.2 

10.2 

21 

200 

1+9.9 

66.6 

10.1 

21 


50.6 

66.4 

10.1 

20 

400 

45.9 

57.2 

9.5 

10 


43.3 

55.8 

9.5 

13 

600 

17.5 

18.7 

8.3 

16 


17.6 

19.1 

8.1 

18 

688 

8.0 

9.2 

7.2 

24 

710 

7.1 

8.5 

7.8 

23 


TABLE 2 


ro 

o 


tensile properties of 7075 “T6 ALUMINUM- alloy SHEET FOR TEMPERATURE 
RATES ¥R(M 0.2^ F TO 100° F PER SECOND 


Stress, 

ksi 

Temperature 

rate, 

°F/sec 

Yield 

temperature, 

°F 

Rupt\ire 

temperature, 

°F 

Elongation in 
2 inches, 
percent 

Type of fracture 

O.k 

0.255 

60 

— 

— 

— 

Brittle 

Brittle 

A 


655 

680 

37 

Part Brittle, part ductile 

0 

58 

761^ 

820 

— 

Part Brittle, part ductile 

1 7 P 

.255 

5^2 

567 

17 

Part Brittle, part ductile 

l-i 

2 

590 

615 

Ik 

Part Brittle, part ductile 



655 

653 

18 

Part Brittle, part ductile 


60 

658 

690 

20 

Part Brittle, part ductile 


96 

665 

— 

11 

Part Brittle, part ductile 

21.2 

60 

652 

— 

— 


ho 

.233 

395 

452 

11 

Ductile 


2 

^57 

484 

11 

Ductile 


l4 

465 

480 

10 

Ductile 


r1i 

485 

518 

10 

Part Brittle, part ductile 


92 

495 

497 

11 

Part Brittle, part ductile 

56.5 

15 

353 

390 

11 

Ductile 

60 

.235 

273 

508 

12 

Ductile 


2 

500 

351 

12 

Ductile 


15 

323 

358 

-- 

Ductile 


58 

345 

376 

— 

Ductile 


91 

351 

391 

11 

Ductile 

65 

2 

262 

. 

319 

28 

Ductile 
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TABLE 3 


/'■ 


TENSILE PROPERTIES OF 2024-T3 ALUMINUM-ALLOY SHEET FOR TEMPERATURE 
RATES FROM 0.2° F TO 100° F PER SECOND 


Stress, 

ksi 

Temperature 

rate, 

°F/sec 

Yield 

temperature. 

Rupture 

temperature, 

°F 

Elongation in 
2 inches, 
percent 

Type of fracture 

O.lf 

0.255 





_ _ 

Brittle 


58 

— 

— 

— 

Brittle 

8 

.255 

697 

745 

40 

Brittle 


2 

767 

805 

29 

Brittle 


15 

799 

859 

29 

Brittle 


59 

825 

897 

— 



96 

828 

887 

14 

Brittle 

i 6,5 

• 253 

605 

665 

28 

Part "brittle, part ductile 


2 

659 

705 

15 

Part brittle, part ductile 


15 

701 

744 

15 

Part brittle, peirt ductile 


55 

699 

760 

17 

Part brittle, part ductile 


102 

717 

768 

— 


28 

2 

550 

6o4 

— 


ko 

.255 

405 

504 

5 

Ductile 


2 

426 

557 

12 

Ductile 


l4 

454 


— 



57 

— 

^545 

18 

Ductile 


6o 

472 

— 

— 



9h 

48l 

— 

— 

— 


98 

— 

'^555 

18 

Ductile 

50 

.255 

297 

599 

8 

Ductile 


2 

279 

44o 

12 

Ductile 


15 

505 

447 

13 

Ductile 


6l 

504 

467 

— 

Ductile 

1 

99 

297 

478 

12 

Ductile 
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table 


ro 

ro 


average coefficients of thermal expansion for 


7075-T6 AND 202 ^-T 3 ALUMINUM ALLOY 
joLtained from figs. 10 and 11 for 0.^ ksi 


Temperature , 
°F 


Average coefficient 

(- 

of expansion per °F 

a) 


7075-T6 

2024 -T 3 

0 . 2 ° F/sec 

60° F/sec 

Stabilized 

0 . 2 ° F/sec 

60° F/sec 

Stabilized 

200 

13.5 X 10 -^ 

13.3 X 10-^ 

13.3 X 10“^ 

13.2 X 10 "^ 

13.3 X 10“^ 

13.2 X 10-^ 

l<-00 

15.4 

15 . 7 

13.6 

13.2 

13.6 

13.2 

600 

15.8 

15.2 

n rr Z' 

14.5 

13.4 

14.7 

13.4 

700 

14.5 

15.6 

15 .0 




800 




13.6 

15.5 

14.3 


^'Average value from 80 ^ F to test temperature. 
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Figiire !•- Stress-strain and rapid-heating tensile test specimens. All 

dimensions are in inches. 
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L-85860 .1 

Figure 2 .- General arrangement of loading, heating, controlling, and 
recording equipment for rapid-heating tests. 
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L-85861 ,1 

Figure 5 *- View of specimen mounted in position for testing. 







Figure 4 .- Details of extensometer system. 
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Figure 5 -- Arrangement of specimen^ thermocouple, and mounting clamp at 

midposition. 
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Temperature, 



Figure 6.- Temperature gradients along length of rapid-heating specimen 
for temperature rates of 2° F and 110° F per second. Gage length is 
designated as G. 
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Strain 


Figure 7*- Temperature- and strain-time curves for tests of 7075-T6 aluminum 
alloy at F and 0.25° F per second at 40 ksi. 
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Figi;ire 8.- Strain-temperatiire histories for tests at 54° F and 0.23° F 
per second for 70 T 5 -T 6 aluminum alloy at 40 ksi. 
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Figure 9.- Elevated-temperature tensile stress-strain curves for 7079-T6 

and 2024-T3 aluminiim-alloy sheet. 
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Figure 10.- Strain-temperature histories of alumimun alloy for temperature rates from 

0.2° F to 100° F per second for various stresses. 
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Figure 11.- Strain-temperature histories of 2024-T5 aluminum alloy for temperature rates from 

0.2^ F to 100^ F per second for various stresses. 
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Figure 12.- Experimental and calciolated yield temperatures of 7075 -T 6 
aluminum alloy for temperat\ire rates from 0.2° F to 100° F per second 
for various stresses. 
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Figure 13*- Experimental and calculated yield temperatures of 2024-T3 
aluminvim alloy for temperature rates from 0.2° F to 100° F per second 
for various stresses. 
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Figure l4.- Tensile yield stress of 7075-^6 aluminum alloy for temperature 
rates from 0.2° F to 100° F per second and of stress-strain tests for 
1 / 2 -hour exposure. 
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Figure 15.- Tensile yield stress of 2024-T3 aluminum alloy for temperature 
rates from 0.2° F to 100° F per second and of stress-strain tests for 
1/2 -hour expos*ure. 
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Figvire 16.- Experimental and calculated ruptvire temperatures of 7075-^6 
alnmi n um alloy for temperature rates from 0.2° F to 100° F per second 
for various stresses. 
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Stress, 



Figure 17* - Experimental and calculated ruptiore temperatures of 2024-T5 
aluminum alloy for temperature rates from 0.2^ F to 100^ F per second 
for various stresses. 
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Temperoture, °F 


Figiare I 8 .- Tensile ruptvire stress of 7075-T6 aluminum alloy for tem- 
peratiore rates from 0.2° F to 100° F per second and ult ima te tensile 
stress of stress-strain tests for l/2-ho'ur exposure. 
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Figure I 9 .- Tensile rvipture stress of 2024-T5 aluminum alloy for tem- 
perature rates from 0.2° F to 100° F per second and ultimate tensile 
stress of stress-strain tests for l/2-hour exposure. 



Figure 20.- Fracture of 2024-T5 and 7075-^6 aluminum-alloy specimens. 
Stresses increase downward in each group. 
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Figure 21 .- Variation of yield temperature with logarithm of temperature 
rate of 7075-^6 alumimmi a 3 J.oy for various stresses. 
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Figure 22.- Variation of yield temperature with logarithm of temperature 
rate of 2024-T3 aluminum alloy for various stresses. 
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Figure 23.- Master yield- and rupture-stress cinrves for 7075-T6 aliiminum 
alloy based on linear temperature parameter. (T is in °F and h is 
in °F per second.) 
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log h + 19 

Fig\ire 24.- Master yield- and rupture-stress curves for 2024-T5 aluminimi 
alloy based on linear temperature parameter. (T is in °F and h is 
in °F per second. ) 
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